We report on a computational study of the clean and oxygen-covered Rh (110) surface, based on density-functional theory within the local-density approximation. We have used plane-wave basis sets and Vanderbilt ultra-soft pseudopotentials. For the clean surface, we present results for the equilibrium structure, surface energy, and surface stress of the unreconstructed and (1×2) reconstructed structures. For the oxygen-covered surface we have performed a geometry optimization at 1 2 , 1, and 2 monolayer oxygen coverages, and we present results for the equilibrium configurations, workfunctions and oxygen chemisorption energies. At half monolayer coverage, we find that oxygen induces a (1 × 2) reconstruction of the surface, while at one monolayer coverage the chemisorption energy is highest for the unreconstructed surface. Our results are rationalized by a simple tight-binding description of the interaction between the O−2p orbitals and the metal valence states. The resulting bonds are stronger when established with low coordinated metal atoms, and give rise to an effective adsorbate-adsorbate interaction when two oxygen atoms 1 are bound to the same metal orbital.
are bound to the same metal orbital.
Typeset using REVT E X I. INTRODUCTION
Oxygen is known to form strong bonds with metal surfaces, and the oxygen-metal interaction is one of the key elements in many technologically relevant catalytic reactions, such as the oxidation of carbon or the reduction of nitrogen from their mono-oxides, occurring in catalytic mufflers. As a first step towards an understanding of the microscopic mechanisms responsible for the catalytic activity of some transition-metal surfaces, we present in this paper a first-principles study of the interaction between oxygen and the Rh(110) surface.
From the calculations we extract simple chemical models of the metal-oxygen interaction, which we believe to be of general relevance for adsorbate-metal systems.
The structure of the oxygen covered Rh(110) surface strongly depends on the oxygen coverage [1] [2] [3] [4] . At very low coverages oxygen is believed to occupy four-fold long-bridge sites. At a certain critical coverage, θ = θ c < ∼ , 1, and 2 support for these coverages the picture given above.
From our self-consistent calculations we have extracted a simple chemical model of the oxygen-metal interaction. From the model we identify a strong adsorbate-adsorbate interaction when two oxygen atoms are bound to the same metal orbital, and we discuss this effect in connection with the calculations at θ = 1. We also show that the model predicts stronger oxygen bonds with low coordinated metal atoms, and this is the force which drives the oxygen induced reconstruction at θ = .
The paper is organized as follows: In Section II we briefly describe the pseudopotential method used for the calculations, and present our results for bulk Rh; in Section III we report on our calculations for the clean Rh(110) surface, and in Section IV on the results for the oxygen covered surface; in Section V we present the model of the rhodium-oxygen bond; finally, Section VI contains our conclusions.
II. TECHNICAL DETAILS AND RESULTS FOR BULK RH
Our calculations are based on density-functional theory within the local-density approximation (LDA) [5, 6] . Although the LDA is known to overestimate cohesive and chemisorption energies, it has since long proven to be rather reliable as far as relative energies between different bulk and surface geometries are concerned [7] .
The electron-gas data used to implement the LDA are those by Ceperley and Alder [8] ,
as parameterized by Perdew and Zunger [9] . The single-particle Kohn-Sham equations are solved using the plane-wave (PW) pseudopotential method. Isolated surfaces are modelled by slabs in the supercell geometry. Due to the well known hardness of norm-conserving pseudopotentials for first-row elements-such as O-and, to a lesser extent, for secondtransition-row atoms-such as Rh-, the use of ultrasoft (US) potentials [10] is mandatory in order to keep the size of the PW basis sets manageable for the large supercells necessary to model the surface. The oxygen US pseudopotential is essentially identical to that of Ref. [11] with a core radius of 1.3 a.u. For rhodium we have used a newly developed variant of the Vanderbilt scheme [10] , where the norm conservation is released only for those angular-momentum channels which would otherwise require very hard potentials (the d-channel only in the present case) [12] . The pseudopotential is constructed from a scalarrelativistic all-electron calculation, and it includes the 4d-, 5s-and 5p-valence states, for which we used the core radii 1.6, 2.53 and 2.53 a.u. respectively. The 4d and 5s orbitals were constructed in the atomic reference configuration 4d 8 5s 1 , while the 5p orbital was taken from the reference configuration 4d 7 5s 0.75 5p 0.25 . Basis sets including PW's up to a kineticenergy cutoff E cut ≈ 25-30 Ry yield very accurate results for both elements [11, 12] . We finally decided to adopt a cutoff of 30 Ry. This choice allows one to neglect the effects of the finiteness of the basis sets even in those instances, such as e.g. the calculation of the stress tensor [13] , which are very sensitive to it. Brillouin-zone (BZ) integrations are performed using the Gaussian-smearing special-point technique [14] . We have found that the bulk properties are well converged using a Gaussian broadening of 0.3 eV and a MonkhorstPack (444) mesh [15] , which corresponds to 10 k points in the irreducible wedge of the BZ.
In order to test the convergence of our numerical BZ integrations, in many cases we have made refined test calculations with a Gaussian broadening of 0.15 eV and a correspondingly finer mesh. No significant differences were found in any of the cases examined. This fast convergence with respect to BZ sampling is due to the relatively smooth Density of States (DOS) at the Fermi energy, as shown in Fig. 1 . In this figure we also show the projection of the DOS onto individual atomic orbitals. There are 8.0 electrons per atom in the d bands, while the remaining electron has mixed s and p character.
The calculated lattice constant is a 0 = 3.81Å and the bulk modulus B = 3.17 Mbar, in good agreement with the experimental values (3.80 and 2.76 respectively) [16] . The overestimation of the bulk modulus is also found in relativistic all-electron calculations, and therefore it is not due to the use of pseudopotentials, but rather due to the LDA [12] . The quality of the agreement between theory and experiment is of the same order as found for most LDA calculations for metals and semiconductors.
III. THE CLEAN RH(110) SURFACE
The structural properties of the clean unreconstructed and (1 × 2) reconstructed surfaces have been studied by minimizing the supercell total energy with respect to atomic positions, using the Broyden-Fletcher-Goldfarb-Shanno minimization technique [17] . The value of the workfunction was estimate by taking the difference between the calculated Fermi level and the electrostatic potential in the middle of the vacuum region.
We denote the repeated-cell slab geometry by the notation (N + M), where N is the number of atomic layers in the slab, and M the thickness of the vacuum region, in units of the interlayer spacing normal to the surface. Different supercells-going from (5 + 5) to (9 + 5) and (7 + 7)-where checked in order to test the convergence of our results. We found no difference between the results obtained for M = 5 and M = 7, and also the dependence upon N is very small. As for k-point sampling we tested a Gaussian broadening of 0.3 eV and a Monkhorst-Pack (442) mesh [15] -which corresponds to 4 k points in the irreducible wedge of the supercell BZ-and a Gaussian broadening of 0.15 eV in conjunction with a (882) mesh. We find that the error introduced by using a (442) mesh is of the same order as the finite size error by using a (7 + 5) cell.
In Table I [18] . Since the calculated bulk modulus is 10% to large, one could have expected an overestimate of the surface relaxations, but we also note that the experimental value of [18] is probably is too small, since these authors only included relaxations of the first two surface layers in their structural model. We find that the surface relaxations strongly reduce the surface tension, indicating that the surface relaxation and surface tension are determined by the same driving force. This is in qualitative agreement with the EffectiveMedium Theory of Ref. [19, 20] , according to which an inward relaxation of the outermost atomic plane would decrease the surface energy by increasing the electron density at surface atoms.
We now turn to the electronic structure of the Rh(110) surface. In Fig. 2a we compare the projections of the DOS (PDOS) onto the surface atomic layer and onto an atomic layer in the bulk. The main difference is the decreased band width and upward shift of the band center of the first layer PDOS. This effect is in qualitative agreement with the √ N scaling of the band width, where N is the coordination number, predicted by a simple one-band tight-binding model. In Fig. 2b we show the PDOS of the surface d-orbitals, and we now see the appearance of resonances in the spectrum caused by the broken metal-metal bonds.
The strongest resonance is caused by the yz orbital, and the significance of this orbital is that it can only form weak δ bonds along the (110) surface row. In Section V we will discuss the chemical bonding between oxygen and the rhodium surface and we will hint that these resonances give an important contribution to the chemisorption energy. In analogy to the terminology adopted for semiconductors, we will call these resonances metallic dangling bonds.
Finally, we have considered the (1×2) missing-row reconstructed surface shown in Fig. 3 .
This surface structure is not found to be stable in nature, but it can be produced in a metastable state by first treating the surface with oxygen which afterwards is removed with a strong reductant like CO [2] . Table II shows the calculated properties of the relaxed surface, and the reported results were obtained with a (7 + 5) layer slab and a (882) k-point mesh. Generally the relaxations are in good agreement with those obtained from the LEED structural analysis of Ref. [2] , and we predict an increase in the surface energy compared to the unreconstructed surface of ≈ 0.1 eV/(1 × 2 cell), while there is no significant differences in the surface stress.
IV. THE OXYGEN-COVERED RH(110) SURFACE
In this section we present calculations for the Rh(110) surface with a coverage of 1 2 , 1, and 2 oxygen monolayers. Figure 4 shows the equilibrium configurations for the geometries we have considered, and in Table III we report some key values of each chemisorption
we find geometry h to be energetically favoured, while geometry k is favoured for θ = 1. The structural data predicted by the present calculations compare well with those determined experimentally [2, 3] . The values of the workfunction and the relative chemisorption energy of geometries h and k also compares well with the experimental data, however, the chemisorption energy is overestimated by ∼ 1.2 eV, which is a typical error of the LDA. Table III shows that the chemisorption energy decreases when the bond angle departs from 90 0 . In section V we will provide some arguments which indicate why this particular angle corresponds indeed to the strongest oxygen-metal bonds.
We also observe that there is almost no inward relaxation of the surface atoms below the oxygen adsorbate.
Based on a HREELS study of the oxygen vibration frequencies for different oxygen coverages of the Rh(110) surface, it was proposed in Ref. [1] that at low coverages oxygen occupies the long-bridge site. This seems to be in disagreement with our calculations, since we find the chemisorption energy in geometry f to be 0.26 eV higher than in geometry a.
However, our calculation is for θ = , and at this coverage adsorbate-adsorbate repulsions might disfavour certain geometries. the annealed surface shows a (2 × 2)pg LEED pattern [2, 3] , indicating that the unit cell is (2 × 2) and must have a glide line in the (110) direction. Furthermore, there is strong experimental evidence that the underlying rhodium substrate forms a (1×2) missingrow structure [2, 22] . If we assume that the rhodium atom sits in a three-fold site, there are only three structures consistent with these experimental facts, and these are geometries h, i
and j shown in Fig. 4 . The same three structures were considered in the LEED IV analysis of Ref. [2] . We find geometry h to be energetically favoured, while the oxygen chemisorption energy is 0.5 and 0.8 eV/atom lower in geometry i and j, respectively. Note that the energy ordering of the three structures indicates that oxygen bonds with low coordinated rhodium atoms are energetically favoured. In Table III we compare geometry h with two independent LEED IV structural analyses, and the general agreement is rather good.
Since oxygen induce the (2 × 1) reconstruction on other transition metal surfaces [23] we have also considered this structure. Initially we placed the oxygen atom in an asymmetrical position above the long bridge site, but after relaxation oxygen occupied the symmetrical position 0.4Å above the rhodium surface, as shown in geometry g of Fig. 4 . We now compare the energetics of this reconstruction with the (1 × 2) reconstruction. Table III A and the O-Ag bond length is 2.05Å [28, 29] , oxygen fits perfectly in between the silver atoms in the (100) row. A similar picture is found for copper, where the lattice constant is 3.61Å and the O-Cu bond length 1.81Å [23] . The lattice constant of nickel is 3.52Å
and the O-Ni bond length 1.77Å [23] , so in this case the oxygen atoms do not fit perfectly in between the nickel atoms, and in Ref. [30] this was identified as a source for lowering the chemisorption energy. Since nitrogen is a smaller molecule than oxygen it forms shorter bonds with the metal atoms, and for copper and nickel the metal-metal separation gets too large for nitrogen to form a strong bond with both metal atoms in the (100) row. However, in the observed (2 × 3) structure on Cu(110) and Ni(110) it is possible for the surface atoms to relax towards the nitrogen adsorbate, and nitrogen can thereby obtain an optimal bond length with the surface atoms.
C. Coverage 1 and 2
For θ = 1 we have only studied geometries where the oxygen atom is three-fold coordinated. We find oxygen to have the highest chemisorption energy in geometry k of Fig. 4 , in good agreement with experimental findings [3] . The oxygen chemisorption site in geometry k is very similar to that of geometry f, and we also find that the chemisorption energies in the two structures are nearly identical. This suggests that there is little interaction between the oxygen atoms on the Rh(110) surface, which is rather surprising compared to the strong oxygen-oxygen repulsion found on other transition metal surfaces at similar oxygen coverages [31] . In section V we will show that this different behaviour can be explained by a substrate mediated adsorbate-adsorbate interaction of electronic origin, whose strength is related to the filling of the surface bands.
For θ = 2 we have considered two geometries: an oxygen dimer oriented in the (100) direction (geometry m of Fig. 4) , and an oxygen dimer oriented in the (110) direction (geometry n). We find geometry m to be energetically favourable, however, the chemisorption energy is 1.1 eV lower than in geometry k. It is therefore questionable whether this structure can be observed experimentally after high oxygen exposure, since the structure will not be energetically favourable compared to geometry k plus molecular oxygen.
Geometrically the main difference between geometry k and geometry m, is the shift of the oxygen bond with a second-layer rhodium atom to an oxygen-oxygen bond. This makes the nature of the oxygen bonding in geometry m somewhat intermediate between those
occurring in geometry k and in molecular oxygen. This structure might therefore be an important precursor state for oxygen dissociation.
V. THE CHEMISTRY OF THE RHODIUM-OXYGEN BOND
In this section we will analyse the oxygen chemisorption on rhodium in terms of a simple contribution to the chemisorption energy is:
From the model parameters we estimate an interaction energy of E 2 − E 1 = 0.6 eV, and since two orbitals per oxygen atom contribute to the interaction, the d-band contribution to the chemisorption energy is 1.2 eV larger in geometry k than in geometry f. However, the model also predicts an adsorbate-adsorbate repulsion caused by the O-2p interaction with the almost empty sp-band, and since we know from the full selfconsistent calculation that the oxygen chemisorption energy is the same in the two structures, this sp-mediated repulsion must compensate the d-mediated attraction. In geometry l of Fig. 4 two neighboring oxygen atoms can only couple to the same metal s orbital, and there is only an s-mediated repulsion, which gives rise to a 0.2 eV lower chemisorption energy than in geometry l.
Work is in progress to make the model more quantitative, and preliminary results show that the model can account for the different adsorbate-adsorbate interaction on transition metal and aluminum surfaces [37] .
In Section III we showed that the bandwidth of the atom PDOS scale as √ N , where N is the coordination of the atom, and that there is a corresponding shift of the band centre which conserves the filling of the band. This was illustrated for the Rh(110) surface in Fig. 2, and in the present context we note that the rhodium band centre is shifted upwards. This shift gives rise to a similar shift of the rhodium-oxygen anti-bonding state, and since the bond energy is given by the distance between the anti-bonding state and the rhodium Fermi level the bond is strengthened. The energy gain by the oxygen induced (1×2) reconstruction is therefore due to the oxygen bond with the the second layer rhodium atom, which on the reconstructed surface has coordination 9 and on the unreconstructed surface coordination 11.
VI. CONCLUSIONS
In this paper we presented detailed first-principles calculations for the clean and half, one and two monolayer oxygen-covered Rh (110) Becke [38] . This value has to be corrected for the use of a finite basis set in the plane-wave calculation, which we estimate to be E pw = 0.05 eV/atom. From these energies we calculate the chemisorption energy, E chem , by (2) a From Ref. [18] b From Ref. [39] TABLE II. Experimental and calculated surface properties of the (1 × 2) reconstructed surface.
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